The potential of biochar to improve crop yields [1][2][3], increase resistance to plant disease [4][5][6] [7] , remove toxic substances from soil [8, 9] and sequester carbon [10] [11] [12] is well documented. However, high application rates of biochar (between 2.5 and 20 tonnes ha -1 ) appear to be required to see significant improvements in plant yields [13] . The present cost of biochar in developed countries can vary from US$300 to $7000 tonne -1
) appear to be required to see significant improvements in plant yields [13] . The present cost of biochar in developed countries can vary from US$300 to $7000 tonne -1
. At high application rates, therefore, the cost may not lead to a return on investment for the farmer/horticulturalist, and is certainly prohibitive for low input, extensive field crops. In developing countries, constraints on biochar used in agricultural applications relate more to the limited availability of biomass residues and to the time needed to manufacture large amounts of biochar, rather than to the production costs [14, 15] .
At least three approaches are being implemented to produce cost-effective biochar products that can be applied at less than 500 kg ha -1 for use as fertilizer. In the first approach, biochar is incorporated at rates of approximately 100-200 kg ha -1 into bands with mineral and chemical fertilizers (CFs) to increase N and P uptake efficiency [16] . The second approach involves the addition of approximately 5-20% biochar to organic material during composting, which is reported to reduce the time needed to obtain mature compost and to decrease N losses [17] [18] [19] . This has the potential to improve compost quality and reduce composting costs. Minerals, NPK fertilizer or an organic N source can also be added to the compost-biochar product before it is applied, generally at relatively high rates such as 10 tonnes ha -1
. The third approach involves creating biochar-based fertilizers by pre-or post-pyrolysis treatments. In pre-pyrolysis methods, a mixture of biomass, ground rocks or minerals (e.g., clay, lime, basalt or ilmenite) and nutrients is subjected to slow, relatively Carbon Management (2013) 4(3), Shifting paradigms: development of high-efficiency biochar fertilizers based on nano-structures and soluble components low temperature (350-450°C) pyrolysis. In post-pyrolysis methods, biochar is mixed with ground rocks or minerals, nutrients and/or manures. These mixtures may be heated, or alternatively, reacted under ambient conditions [20] . For instance, an N-rich biochar was produced by reacting ammonia, CO 2 and water with biochar at atmospheric pressure and ambient temperature [21] .
In all these approaches, the micro-and nano-structures of the biochars and biochar composites are highly heterogeneous and varied [22] . Our view is that such structures have a critical role in the agronomic value of biochars, and we suggest it is possible to enhance these structures in order to develop low-dose, high-potency biochar-based fertilizers. This paper synthesizes data from a variety of disciplines to support this contention, and presents new data from a field trial comparing the efficacy of a post-pyrolysis biochar-mineral-nutrient blend with standard fertilizer practice in rice cultivation. The micro-and nano-scale features of the original biochar and biochar blend are intensively characterized and compared. We also provide future perspectives detailing an expanding role for low-dose, high-efficiency biochar fertilizers, and suggest guidelines for their development.
How does mineral matter affect biochar properties?
It is now well documented that biochar bulk physical and chemical properties vary as a function of the pyrolysis process conditions (e.g., temperature and time), the type and concentration of mineral matter in the feedstock, and the ratios of lignin, cellulose and hemicellulose in the biomass [23] [24] [25] [26] . Micro-and nano-structures of biochars are also affected by many of the same parameters, such that structures of biochars can be highly heterogeneous and complex [27, 28] .
Pure lignin starts to depolymerize at 160°C in an inert environment and is still converting at 900°C, while depolymerization of hemicellulose starts at approximately 220°C and is completed by 315°C [29] . Cellulose starts to depolymerize at 315°C and finishes at approximately 400°C. However, in natural composite materials such as biomass, the onset of depolymerization and reaction rates are much more complex. For example, using thermal gravimetry mass spectrometry ana lysis, Gray et al. reported a change in the endotherm of wood and an increase in surface area at approximately 425-475°C, which they attributed to the decomposition of the complex polysaccharides [30] . Giuntoli et al. and Xu and Sheng carried out thermal gravimetry mass spectrometry on raw and leached high mineral ash agricultural residues [31, 32] . They found that during pyrolysis, a larger weight percentage of matter was volatilized at a given temperature from the leached biomass than the unleached biomass. The unleached biomass was also found to be more resistant to high-temperature oxidation. However, the maximum rate of release of volatiles from the leached biomass occurred at a higher temperature when compared with the unleached biomass. These observations indicate that the quantity and type of soluble mineral phases and elements that are part of the organic matrix change both the energy requirements for depolymerization and its kinetics.
In a detailed study of the transformation of highash grass and low-ash pinewood during heating in the absence of oxygen between 100 and 700°C, examined using near-edge x-ray absorption fine structure spectroscopy, Fourier transform infrared spectroscopy (FTIR) and x-ray diffraction [33] , four general types of biochars consisting of unique mixtures of chemical phases and physical states were categorized:
Transition chars, where the crystalline character of the precursor materials is preserved;
Amorphous chars, where the heat-altered molecules and incipient aromatic polycondensates are randomly mixed;
Composite chars, consisting of poorly ordered graphene stacks embedded in amorphous phases;
Turbostratic chars, dominated by disordered graphitic crystallites.
However, the detailed fine structures were significantly different in the low-and high-mineral ash biochars, especially in those produced between 300 and 500°C. X-ray diffraction showed a significant increase in the surface concentration of inorganic phases in the highash grass biochars, and lower intensity and change in the lattice spacing of the graphene sheets compared with the low-ash chars. Similarly, FTIR spectra of the two chars had differences in peak absorbance and peak positions between wave numbers of 1600 and 1000 cm -1 . The near-edge x-ray absorption fine structure spectrum also indicated either greater abundance of oxygenated functional groups and/or differences in size and nature of the graphene sheets in the grass chars as compared with the wood chars.
Differences between biochars produced from highand low-ash feedstocks were also found by Harvey et al., who studied depolymerization of the lignocellulose hydrogen bonding network and development of charge in biochars from grassy and woody feedstocks produced along a highest treatment temperature (HTT) gradient between 200 and 650°C [34] . They showed that the highest concentration of carboxylic functional groups occurred when a grass with a high content of cellulose, alkali salts and alkali metal oxides was pyrolyzed between 400 and 450°C. They attributed this to a higher degree of cycloreversion oxidation as well as to more efficient oxidation of lignocellulose fragments to carboxylic acids. In contrast, cleavage of H-C bonds and their subsequent oxidation to carbonyls was less efficient in the woody feedstocks, leading to reduced surface charge at any given HTT as compared with the grassy feedstock.
In many cases, agricultural residues and woody wastes have significant amounts of attached soil particles, which can be rich in Si, Al, Ca, Fe and Mg. Clays in the attached soil particles can give off volatiles (including hydrochloric and hydrofluoric acid) that assist in the pyrolysis of large organic molecules and, during pyrolysis, may lead to increased functional groups at the carbon surfaces [35] . Additional insights into the effects that the presence of soil minerals during biomass pyrolysis may have on biochar properties can be obtained from a study by Chen et al., in which three novel magnetic biochars were prepared by chemical co-precipitation of Fe 3+ /Fe 2+ on orange peel powder that was subsequently pyrolyzed under different temperatures (250, 400 and 700°C) [36] . Transmission electron microscopy (TEM) revealed the formation of Fe 2 O 3 magnetic nanoparticles on the surface of the biochar. FTIR spectra showed a much greater concentration of C=O, C-O and aromatic carbon in the magnetic chars than in the chars that were not pretreated. At 400°C, the composite adsorbed more organic molecules (napthalene and p-nitrotoluene) than the composites manufactured at the other temperatures, and also more than the standard biochar.
We envision biochars that contain a significant quantity of soluble minerals and elemental metals as a series of microscopic voltaic (galvanic) cells in which there can be a flow of cations and anions, electrons and protons between areas of different electrochemical potential (Figure 1 ) [37] . Mineral and carbon phases in biochar have different electrochemical potentials [38, 39] . The carbon phase has a series of tubular pores (part of the original biomass structure) that can connect the different mineral phases. These tubular pores are themselves porous at the nanometer scale, and there is also connectivity across the carbon phases. This porous structure can have similar properties to a semipermeable membrane, whereby two parallel carbon tubular pores with different concentrations of soluble metals can act as a galvanic cell [40] . When these biochars are placed in the soil and a rain or irrigation event takes place, the pores are filled with nutrient-rich water, which acts as an electrolyte. A series of complex redox reactions can then take place, which are similar to those seen in electrochemical cells and in corrosion of metals in the environment (including soil). This especially applies for phases having redox-active elements such as Fe and Mn (Figure 1) .
In many respects, the reactions that take place when there is movement of gases, cations and anions into and out of the pores of biochars are expected to be similar to the reactions of gases, cations and anions that take place in metals having crevices with multiple contaminant phases (Figure 2 ) [41] . Previously reported results on the electrochemical properties of biochars indicate that the ability of biochars to donate electrons is greatest in biochars with high mineral ash content produced at lower temperatures (e.g., chicken manure biochar produced between 400 and 450°C, compared with a high temperature wood biochar produced at 600°C) [38] .
The role of labile organic molecules Like mineral components, labile organic molecules (LOM) of both low-and high-molecular weight, which accumulate at biochar surfaces and condense in pores during biochar production, have the potential to influence multiple processes across the soilrhizosphere-plant continuum. This is for a number of separate and interrelated reasons. Many LOM compounds, known to be phytotoxic or biocidal at high concentrations, could have hormonal effects at low concentrations; for example, inducing plant resistance to stress [7, 42] . Another way in which LOM can indirectly affect plant responses is by changing the structure of the soil microbial community, perhaps by providing carbon compounds that only specific members of the microbial consortium can utilize, or by being toxic to weaker members of the consortium [43] . Biochar-induced changes in soil microbial community structure could result in widespread changes in microbial functioning in the soil, thus affecting both nutrient cycling and soil gas emissions [44] [45] [46] [47] . Biochar additions can increase microbial diversity in the soil and encourage beneficial soil microorganisms, which can directly enhance plant growth and induce systemic resistance [42] .
While some LOM compounds are phytotoxic, others may induce seed germination. Karrikans, for instance, which are formed during pyrolysis and combustion of biomass, are known to promote seed germination and are believed to contribute to the germination bursts that frequently follow forest fires [48] . Other compounds formed during biomass pyrolysis may also play yet undetermined roles in plant growth. In particular, biochar macromolecular LOM are similar in character to humic substances [49] , which have been long known to positively impact seed germination, root initiation, plant nutrition and total plant biomass [48] .
Chemical assays measuring the ability of aqueous extracts of biochars to reduce metals revealed that the soluble fraction indeed has substantial ability to reduce oxidized metals, with extracts of low-HTT biochars being much more redox active than extracts of high-HTT biochars [50] . Aqueous extracts of low-and high-HTT biochars also reduced and solubilized Mn and Fe from different soils over a wide range of pH values, with the extract of the lower HTT biochar having a greater variety and concentration of soluble reducing agents, solubilizing more Mn and Fe than the extract of the higher HTT biochar [50] . In the studied systems, the dissolved organic matter fraction, in particular phenolic Organic high-nitrogen compounds can react with iron oxides to precipitate on the iron phases. It should be noted that these are typical reactions of metals when placed in soils.
compounds, was proposed to be responsible for the main part of the reducing capacity, which was on a par with the reducing capacities of various humic and fulvic substances. The implications of these results for the role of biochar in a wide range of chemical and biological redoxmediated reactions in the soil could be wide reaching [50] . Redox-related processes in soil include microbial electron shuttling, nutrient cycling, free radical scavenging, pollutant degradation and contaminant mobilization or immobilization. Redox reactions mediated by biocharderived chemicals could play a role in abiotic formation of humic structures in soils, resulting in increased soil organic carbon content and improved soil aggregation. Redox active structures could serve as electron shuttles between bacterial cells and Fe(III)-bearing minerals, taking part in bacterial reduction and immobilization of metals [51] . Since oxidation of biochar surfaces leads to continued release of redox-active, acidic and phenolic organics of both low-and high-molecular weight [52, 53] , as well as to sustained release of various soluble inorganic species [54] , biochar is expected to continue to participate in redox reactions as it ages in the soil.
Besides expediting redox reactions, many LOM compounds are ligands possessing multiple carboxylate, phenol, alcohol or enol groups, known to form stable metalorganic complexes with metals having different oxidation states [42, 49] . Formation of water-soluble metal-organic complexes can increase the concentration of metals in the aqueous phase and their bioavailability. This effect is well known for root exudates and humic substances. For instance, chelation of Fe and Zn by humic substances enhanced the metals' solubility in nutrient solution and improved the growth of melons, soybean and ryegrass [55] . Formation of water-insoluble metal-organic complexes can also occur, resulting in an increase in soil organic matter content. When oxidized by Mn oxides, o-and p-polyhydroxyphenols precipitate as polymeric humic-like substances that are effective chelators of Al [56, 57] .
Changes that can occur after biochar is added to soil Biochar particles undergo substantial chemical changes during their residence in the soil, including disappearance of many of the inorganic phases. While some biochar minerals are highly water soluble (e.g., KCl), others weather more slowly in soil via both biotic and abiotic processes [54] . It is known that weathering of minerals in rocks proceeds through microorganisms that 'mine' specific mineral phases for cations or anions, which then become more available to plants [58, 59] . Rates of reaction depend on the nature of the crystal structure as well as other environmental factors. Fungi and bacteria can symbiotically form biofilms to enhance mineral weathering rates [60] . Breakdown of minerals leads to formation of nanoparticles [61] , and occurs preferentially at cleavage planes, dislocations and other defects in the mineral structure [62] . Nanoparticles can also form through precipitation where there is a high concentration of sparingly soluble dissolved cations and anions. Precipitation of nanoparticles in conjunction with organic matter helps to stabilize the carbon. Nanoparticles have also been seen to adhere to cell walls of microorganisms where they may provide protection from predators [59] . Fe nanoparticles can participate in biotic and abiotic redox reactions, where they can be important as electron acceptors in carbon oxidation [63] .
Notably, the redox properties of nanoparticles can be different from those of large particles due to specific quantum effects. Semiconductor nanoparticles exhibit molecular-like redox behavior with size-dependent redox potentials [61] . The surfaces of nanoparticle semiconductors have modified local electronic structures, which can facilitate the creation of mobile electrons, or hole charge carriers, which can result in modification of Lewis acid or base characteristics [61] . These under-coordinated sites tend to be highly reactive. Since biochars produced at temperatures below 600°C are semiconductors consisting of heterogeneous mineral and organic phases that slowly degrade in soil, they may exhibit a number of properties similar to those of synthetic nanoparticles [64] .
Both biotic and abiotic corrosion mechanisms can be responsible for microbially mediated transformations between soluble and insoluble metal species [59] . Micronscale electrochemical corrosion cells can develop when biofilms with a range of microorganism colonies form on mineral surfaces on biochars [59] . As redox reactions take place, micron scale pits are formed and a series of phases develop (Figure 2 ). Areas become anodic when metals lose electrons and go into solution, resulting in the flow of electrons to areas that are aerobic. Microbial exudates (exopolymers and organic acids) can increase reaction rates both by forming complexes with metals and by lowering pH. Certain bacteria can even generate sulfuric acid by means of oxidizing sulfur compounds [65] . These same processes may be responsible for some of the changes that occur to biochar in the soil, such as release of soluble pyrogenic condensed aromatic structures [52] . These structures are extensively substituted with oxygencontaining functional groups, indicating both oxidation and dissolution of the charcoal black carbon [66] . There is abundant spectroscopic evidence that natural weathering or oxidative depolymerization of soil charcoal results in the formation of soil humic substances [66] .
A growing body of literature suggests that some biochars have a greater impact on crop yields as they age in soil [1, 67] . Joseph and colleagues carried out detailed examinations of biochars that had been in the soil from Shifting paradigms: development of high-efficiency biochar fertilizers Perspective future science group www.future-science.com 6 months to 3 years, and much older deposits containing agglomerates having a small percentage of biochar along with other forms of organic matter [27, 28, 68, 69] . Biochar particles were found to have reacted with minerals, organic matter and microorganisms during their aging in the soil. Key findings from their comparisons of aged biochar particles to fresh biochar particles include:
The content of oxygen on the surface was higher. A wide range of functional groups were detected including COOH, C=O and C-O;
There was an increase in amino-acid N and a decrease in N-C. Some of the N was associated with a high Fe phase, suggesting that the organic N may have been associated with microbes; Na, K, P and Cl disappeared, and Ca was significantly reduced. In contrast, Al, Si, Fe, Mn and Ti increased on surfaces and in the pores of the aged biochar;
Newly formed Ca/P rich phases together with Al/Si/ Fe phases were detected in the pores of the aged biochar. Some of these phases had dimensions smaller than 50 nm; Fe(II) and Fe(III) were associated with S at surfaces of biochar pores;
There was an increase in the concentration of radicals in the aged biochar as measured using electron spin resonance spectroscopy;
The structure and distribution of the various phases that formed on the surfaces of the aged biochars were heterogeneous;
Mesopores and macropores formed at mineral-organic interfaces during aging.
In addition to these chemical changes, complex microbial communities become established on the surfaces and in the pores of biochar in soil [70, 71] . Analysis of microbial communities by sequencing of the 16S rRNA gene indicated a high abundance of non-nodularizing N fixating bacteria not only in the soil [70] , but also on the surfaces of the biochar [72] . Biofilms were detected on the surfaces of biochar particles after being in soil 4 months, and they appeared to preferentially form on mineral phases with a significant content of Fe, S, Al and Si, as well as C, Ca, K, P, Mn and Ti [72] . Much more research is required to understand the interaction between mineral phases in the biochar and the abundance of specific microorganisms on the surfaces and in the pores of biochars.
Altogether, these many aging-related changes to micro-and nano-structures of biochar are related to complex physical and chemical processes that occur in soil during wetting and drying cycles, including alterations in solution Eh and pH, development of microbial communities on initially sterile biochar, interactions of biochar particles with roots and root hairs and their exudates, and more. These environmental factors result in a cascade of secondary chemical and biological reactions. Net changes will be influenced also by the particular soil and biochar types. Plant roots, in particular root hairs, can strongly affect these processes, as the release of acidic exudates in biochar pores can cause changes in the Eh and pH in microsites. This will result in increased dissolution of cations, which in turn can increase uptake by microorganisms and plants. Such findings related to overall kinetics and energetics of weathering of minerals in the presence of microbial communities have been reported [58, 59] .
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future science group 328 Perspective Joseph, Graber, Chia et al. Redox reactions that occur on the surface of biochar, or as a result of release of redox active compounds and elements from the biochar, can provide metabolic energy for prokaryotes [61] . Moreover, the concentration of electron donors (e.g., organic C) and acceptors (e.g., O 2 and NO 3 ) and microbial population dynamics potentially influence mineral colloidal stability in soils via biogeochemical pathways. As noted by Gadd, formation of biofilms with a variety of microorganisms that weather the minerals in biochar will increase reaction rates significantly [59] . More importantly, the loss of minerals at the carbon-mineral interface can lead to an increase in surface area, formation of pores and development of charged surfaces. Studies on biochar-based microbial fuel cells have highlighted the role of microorganisms in both oxidation and reduction reactions and the shuttling of electrons to and from the carbon surfaces [73] . Electron and proton flow have many important impacts on processes in the rhizosphere.
Gilbert and Banfield noted that magnetic nanoparticles could be formed through biological-mediated organic/inorganic interactions [61] . Joseph et al., using electrochemical impedance spectroscopy, reported that currents could be induced in fresh and aged biochars (including black carbon-containing particles from Terra Preta soils) with a significant content of magnetic Fe oxide particles [38] . Sarafik et al. reviewed the magnetic properties of activated carbon and biochars having magnetic Fe oxide particles both in the pores and on the surface [74] . They found that the effectiveness of activated carbon as a catalyst for a range of organic and inorganic reactions and as an adsorbent increased with the addition of Fe nanoparticles. Magnetic fields can play important roles in nutrient cycling and soil remediation [75] . It is not inconceivable that biochars with a high content of magnetic Fe oxide nanophases could result in an increase in magnetotactic bacteria in soil [76] .
Bazylinski and Blakemore noted that magnetosomes can play a major role in denitrification [77] . This is a promising area that requires careful research to determine the effects of the addition of magnetic particles on nutrient cycling, changes in microbial populations, removal of toxic substances and changes in fluxes of GHGs.
Replacing or enhancing NPK CFs with biochar-based fertilizers Hypothesis formulation
To develop biochar products that are both active at low application rates and cost-effective to produce, a clear understanding of the principles governing biochar efficacy is needed. According to our view, based on the literature reviewed above, effective biochars need to have high concentrations of functional groups that capture nutrient elements, and nanophase mineral matter and labile organic compounds that catalyze a range of biotic and abiotic reactions, which reduce the energy expended by the plant to take up nutrients, improve plant resistance to stress, stabilize soil organic matter and increase plant growth-promoting microbes that solubilize locked up nutrients and fix N. To undertake such an endeavor, the techniques and materials developed by industries and researchers that produce activated carbon, catalysis nanomaterials and microbial fuel cells need to be harnessed. The activated carbon industry has developed a range of techniques that either involve pretreatment of the biomass or post-treatment of the carbon matrix to enhance its properties. These include deposition of magnetically responsive nanoparticles [74] , functionalization and increase in surface area through reaction of the biomass or the carbon with KOH or H 3 PO 4 [78, 79] , or ammonization and treatment with strong acids [80] . Chemicals and minerals can then be bound to the biochar surface in such a way that the rate of release of specific macro-and micro-nutrients can be controlled.
The following is a series of working hypotheses about the governing principles:
The type and concentration of mineral phases (metal oxides, carbonates, sulfates/sulfides, phosphates and chlorides) in biochar have at least the same importance in its efficacy as a soil amendment as the organic matrix, if not more so. The smaller the mineral phases at biochar surfaces (in particular, less than 100 nm), the more effective they are at catalyzing reactions involved in nutrient cycling and adsorption of organic and inorganic compounds. Moreover, the smaller the phases, the more available will be the nutrients for growth of beneficial microorganisms and uptake by plant roots;
Hydrophilic water-soluble organic molecules in biochars are more likely to form and adhere at mineral surfaces, mineral-carbon interfaces and carbon-surface oxygenated functional groups than at carbon matrix surfaces. Insoluble (hydrophobic) organic molecules are more likely to undergo adsorption interactions with the condensed aromatic surfaces of the carbon matrix and to condense in pores;
When biochars are added to soil, both abiotic and biotic reactions preferentially take place at air or water mineral-organic phase interfaces or where metal atoms are ionically bound in the organic matrix;
There will be a change in both Eh and pH of the soil immediately around biochar particles. The magnitude of these changes is a function of the soil water content, the concentration and the solubility of the mineral phases and LOM on the surfaces of the biochar, and the quantity of water in the biochar pores;
A unique community of microorganisms will develop preferentially at the mineral-organic interfaces on the surfaces and in the pores of each individual biochar particle. The nature of this community will be affected by the composition of both organic and mineral phases and their relative proportion, the biochar pore structure (interconnectivity, size), development of aerobic and anaerobic microsites, and the presence of root hairs in the pores or at surfaces. This unique community plays a key role in the gas transfer and redox reactions of gases, metals, cations and anions, and organic species both on the surface of the biochar and in macropores having a diameter greater than 1 µm;
The ability of biochar to promote plant development is related to the complex electrochemical environment that develops in response to the varied chemical and microbial reactions occurring in the presence of these varied nanomineral and organic phases.
Much work is still required to validate these hypotheses.
Case study
Results of preliminary field trials carried out by Nanjing Agricultural University (Jiangsu, China) with a biocharclay-CF composite are provided to illustrate the improvements in crop response that may be achieved by post-pyrolysis treatment of biochar with CFs. The original biochar and the biochar-fertilizer complex were examined to characterize the changes in their micro-and nano-structure that may have contributed to the improved crop response. Biochar was produced from wheat straw (wheat straw biochar; WSB) by the San Li New Energy Company (Henan, China) in a gasifier at approximately 460-500°C. This WSB was field tested at application rates of 20 and 40 tonnes ha -1 [81] [82] [83] . Results of those field trials showed increases in yields of maize of 15% and of rice of 5% at application rates of 40 tonnes biochar ha Based on published research on the activating of biomass and biochars with compounds containing N, P and K, researchers at Nanjing Agricultural University hypothesized that combining standard CFs and clay minerals with WSB would result in greater yields of grain with lower application rates of N. The composite biocharclay-CF (WSB composite fertilizer; WSF) contained WSB (~25%), bentonite (~5%), urea CO(NH 2 ) 2 , KCl and monoammonium phosphate to give a N:P 2 O 5 :K 2 O ratio by weight of 18:9:10 in 100 g of fertilizer. These ingredients were blended and allowed to react together without mixing in sealed containers under ambient conditions over a period of 4 weeks before incorporating into the soil with the seed. The control treatment was standard farmer practice of CF with the total nutrient content of 48% Results of the WSF versus CF trial are provided in Tables 1-3 . Statistically significant increases in grain yield were found in the WSF treatment. Productivity of N, harvest index of grain, harvest index of N and grain production efficiency were also significantly higher.
To determine possible reasons for the significant improvement in grain yield and N use efficiency indices (Tables 1 & 3 photoelectron spectroscopy (XPS), scanning electron microscopy and TEM. Detailed methods using this equipment are given by Zhang and colleagues [83] [84] [85] .
Figure 3 is a set of infrared spectra demonstrating the influence of fertilizer additives on WSB. Figure 3A is pure WSB and Figure 3B shows the same WSB combined to make the biochar composite fertilizer, WSF. The spectral differences can only be attributed to chemical reaction with one or all of the additives. The WSB in Figure 3A shows a strong peak at 1575 cm -1 that can be assigned to aromatic ring stretching (signified by C=C), and a shoulder at approximately 1696 cm -1 that can be assigned to C=O stretching in ketone and carboxylate derivatives. In Figure 3B , new peaks appear that are not found in the untreated WSB. The new peaks can also be compared with spectra of the four additives; peak positions do not match those found in pure urea Figure 3C (especially two distinct absorption peaks at 1682 cm -1 and 1465 cm -1 ), ammonium phosphate Figure 3D , or bentonite clay (not shown) and potassium chloride (an infrared silent material). The presence of unique peaks in Figure 3B confirms that a reaction has occurred between the WSB and the additives. Of the four additives, an acid-catalyzed nucleophilic addition of ammonia (derived from decomposition of urea) to carboxylate derivatives acid is the most likely reaction pathway based on the available materials.
A comparison of the WSF FTIR spectrum against a library of FTIR spectra reveals a striking similarity of parts of the spectrum to that of polyacrylamide. Figure 4 shows the infrared spectrum of WSF ( Figure 4A ) with a standard polyacrylamide spectrum ( Figure 4B ). Similarities are seen in the hydrogen-bonded N-H stretching region and the carbonyl stretching region at , which can be attributed to the primary amide group found on chains of polyacrylamide. The formation of primary amide groups on the biochar is easily rationalized by the availability of ammonia in the mixture from ammonium phosphate and ammonia liberated by acid-catalyzed urea hydrolysis. Clearly, a proportion of the urea is decomposed to ammonia, which is available to react with carboxylate derivatives on the biochar to form primary amides, since the infrared no longer shows significant peaks expected from the urea molecule.
Aside from decomposition to ammonia, urea might also be expected to react with carboxylic acid anhydrides likely to be present on the WSB to form carboxyurea adducts ( Figure 5C ) that could cyclize to a maleimide ( Figure 5D ). Reactions between anhydrides and urea are common industrial processes, although they require heating to be commercially viable; for example, in the reaction of urea with phthalic anhydride to synthesize the pigment phthalocyanine. Any reaction that has occurred between urea and groups on the biochar has occurred at room temperature, perhaps in the presence of microorganisms, so the scheme state in Figure 5 is speculative, although the duration available for reaction was significant (4 weeks) and the structures are consistent with the infrared and photoelectron spectroscopic data.
The interpretation of the infrared ana lysis is supported by the XPS results shown in Table 4 . As expected, a significant increase in the proportion of N 1s photoelectrons is observed from the addition of urea to form organic bound NH 2 (399.7 eV) and ammonium phosphate (401.2 eV). Less easily assigned is a higher energy peak at 402.8 eV that is typical of NO groups. This may be nitrate present in the bentonite clay, or formed from an oxidative process on the inorganic N. This assignment is supported by the broad infrared peak at 1444 cm -1 , as nitrate would be expected to absorb at 1420-1330 cm -1 [86] . A striking result in the C 1s spectrum (Supplementary Data  & Supplementary Figure 1) is a 12.2 atomic percentage peak at 291 eV, 6 eV higher than the C 1s found in saturated hydrocarbons. The chemical environment associated with such a high C 1s binding energy is normally associated with carbon bound to highly electronegative fluorine groups. However, only 1.5 atomic percentage of the sample was found to contain fluorine (Supplementary Data & Supplementary Table 2) , so a more likely origin of this peak is a carbonyl group bound to N and/or O, with adjacent carbonyl groups inducing a secondary chemical shift. The structure in Figure 5C could satisfy this condition, although no exact example of an XPS spectrum of this structure was found in the literature [87, 88] . Figure 8 . Transmission electron microscopy images of a wheatstraw biochar particle. (A) Bright field transmission electron microscopy (Joel JEM -1200, Tokyo, Japan) with energy dispersive x-ray spectroscopy spectra (Oxford ISIS, Oxford, UK) image of a wheatstraw biochar particle. Inset image is a higher resolution image of the nanophase structure of the particle from area A. (B) An energy dispersive x-ray spectroscopy spectra from area (i) indicating that the mineral phases in the carbon lattice contain K, Mg, Si and S.
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Solid state ( 13 C, 31 P and 15 N) nuclear magnetic resonance (NMR) experiments were carried out on Bruker AVANCE III 300 MHz spectrometer operating at a field of 7 Tesla with a 4 mm double resonance widebore magic angle spinning probehead. Details of the experiments can be found in the Supplementary Data. The directly polarized, quantitative 13 C NMR of the WSB showed a high degree of aromatic condensation (Figure 6 and Supplementary Data). In the case of the biochar-fertilizer composite (WSF), the situation was altered significantly. The bulk conductivity of the material was reduced so that cross-polarization from 1 H was possible, as can be seen in Figure 6D . Although the primary aromatic peak for the treated biochar is identical to that of the untreated biochar, an additional sharp peak at approximately 163 in the cross polarization with magic angle spinning spectrum is observed. This peak can be attributed to the presence of urea. The directly polarized 13 C NMR spectrum of the fertilizer treated biochar ( Figure 6E) shows an additional sharp peak at approximately 158 ppm. Although the nature of this additional peak is not clear, at this point we hypothesize that it may be due to urea molecules with high mobility due to the presence of residual water in the char.
In order to further detect the state of the fertilizers co-added to the biochar, 15 N and 31 P NMR spectra of the fertilizer-treated biochar were measured and compared with the neat as received fertilizer as shown in Figure 2B) as expected of a crystalline ammonium salt. In comparison, the 15 N NMR signals from the biochar-fertilizer composite, WSF, are both broadened and have a significantly reduced intensity. This change can be explained by the lower concentration of the N fertilizers in the WSF and due to a change in the physical characteristics of these fertilizers. In particular, the amine peak of the diammonium phosphate in WSF has shifted downfield to 5 ppm in addition to being significantly broadened. Part of this broadening could be due to the very small amount of Fe in the sample.
Additionally, there are two peaks visible at approximately 60 ppm, which are assigned to urea in different environments. The 31 P NMR shows similar changes as can be seen in Supplementary Figures 2C & 2D . The 31 P NMR signals of the fertilizer in the biochar are reduced in intensity and significantly broadened as compared with the neat ammonium dihydrogen phosphate. In all cases, these broadenings and shifts would be consistent with an intimate interaction between the biochar and the fertilizers, which prevents the recrystallization of the fertilizer species into well-ordered phases. It is important to note that is would be unlikely to detect 15 This is because the spin lattice relaxation for both 13 C and 15 N species in crystalline urea are of the order of several hours, while even that of the 1 H species is over 1 h long. As a result, under the conditions of our measurement, it is highly unlikely to observe signals of urea in its native crystalline habit. However, the presence of both the 15 N and 13 C signals of urea in WSF is an indication that it does not form its usual crystalline phase. One of the possible interactions in this case could be hydrogen bonding between the amide groups of the urea and the aromatic CO groups of the biochar in the WSF composite. These results are consistent with those of the XPS and FTIR ana lysis.
A secondary electron image of the coarse structure of an original biochar WSB particle is shown in Figures 7A & 7B , where it is seen that the particle retains its cellulosic structure and the surface contains elongated pores. A series of energy dispersive x-ray spectroscopy (EDS) elemental x-ray maps indicate there are areas rich in clay and silica on the particle surface, along with minerals that are rich in K and Cl. Figure 7B reveals phases on the WSB carbon surface, some of which are submicron in scale and contain P, Mg and S.
The ana lysis of WSB particles using TEM shows heterogeneity at both the micrometer and nanometer scale (Figures 8 & 9) . Both micrographs show that the WSB particle consists of many different phases and that the pore structure is diverse with long cylindrical macropores and mesopores, as well as many mineral interfaces. The EDS line scan ana lysis ( Figure 9C) indicates that within a predominately KCl phase there exist other phases that are high in C, Ca, Si and S. The phases next to this have high concentrations of K and Ca indicating that there could be calcium and potassium carbonate. Some of the calcium in high-ash biomass chars also may be bound to oxygen as ionic metal phenoxides, which are quite thermally stable (more so than phenol itself) [89] . K may also be present as ionic metal phenoxides or as intercalated K. Based on their study of pyrolysis and combustion of pine and switchgrass, Wornat et al. postulated that Mg and Ca in biochars could occur as ion-exchanged metals associated with oxygen-containing functional groups [89] . The other possibility is that complex silica structures (such as feldspathoids) are formed during pyrolysis of Si-rich biomass. It is also probable that part of the silica comes from soil that is covering the biomass before it is pyrolysed.
The micro-structure of the biochar-fertilizer complex, WSF, was substantially different from that of the parent WSB. The secondary electron image ( Figure 10A) indicates that a range of minerals have entered the pores of the WSB. Figure 10B is an EDS of the whole area indicating that minerals high in N, P and K are present at the micron level. Figure 10C indicates that there has been considerable reaction between the WSB and the clay and the other chemicals to produce some unusual structures.
Higher resolution examination of the structure of the WSF using TEM reveals there has been a change in the composition and structure of the phases from those in the original WSB. Transmission electron microscopy bright field images of a wheat straw biochar-fertilizer composite particle with energy-dispersive x-ray spectroscopy spectra from a range of different mineral phases adjacent to an amorphous carbon phase. The location from where each spectra was recorded is indicated by arrows. A carbon-based phase that exhibits a crystalline structure, marked X, is visible.
concentration of pores with diameters less than 20 nm at the interface between a mineral phase rich in P and K and a carbon-rich phase. Figure 12 shows the diversity of compositions within the area of high mineral content. Further work is required to unambiguously identify this phase.
It is apparent that in WSF the clay and chemicals have reacted with the biochar matrix and that there has also been a migration of soluble cations and anions into the biochar pores. We suggest that these changes resulted in different rates of nutrient availability and, hence, nutrient uptake by the plant.
Future perspective
Based on all that has been presented above, we offer the following perspectives for developing low-dose, high-efficiency biochar-fertilizer products. An optimal enhanced biochar is envisioned to have an inner core of porous carbon (biochar) that is resistant to mineralization, with nanosized mineral phases rich in macro-and micro-nutrients coating the pores and external surfaces of the carbon. Such biochar complexes can be developed in a number of different ways, for example:
A clay and mineral and/or chemical mixture is applied to biochar when it comes from the pyrolysis unit. Organic molecules from wood smoke, the reaction of biochar with KOH [20, 27] or other sources (e.g., humics from lignite or peat [90] ) that have proven to enhance germination rates, disease resistance or nutrient uptake are added. The mixture is formed using a binder into a uniform product for use in standard fertilizer applicators. This would build on advances of the WSF described in this paper; Nanophase organic compounds and/or minerals are chemically bound to a biochar, which has been previously activated either by an acid or a base [27, 78] ;
A biochar is produced from biomass that has been soaked in a nutrient-and clay-rich solution. The biomass is dried and then pyrolyzed. The firing temperature is regulated to control the release rate of these minerals and labile organic component of the particle. This approach follows the work of Joseph et al. in characterizing biochars that were produced by Vietnamese farmers [91] ;
A biochar is produced from biomass that was reacted with phosphoric acid and then mixed with nutrients and clay, and fired to a temperature that maximizes the functionality and surface area of both the carbon and the mineral matrix. This biochar is added to composting organic matter and then pelletized after the composting process is completed;
A biologically active biochar product may be produced by composting or fermenting biochar together with manures/urine and ashes [92] . The product can also be inoculated with beneficial microorganisms.
Such biochar-based fertilizers will be purpose-developed, taking into consideration soil type and fertility status, crop, climate, available biochar feedstock and more. The biochar-based fertilizers will be applied at low doses on a conventional schedule of fertilizer application with the same farm instruments that exist today for this purpose. Over time, the accumulated biochar will sequester ever-increasing amounts of carbon, ensuring the carbon negative vision of the pyrolysis/biochar scheme.
The current governing concept of biochar use involving large, one-time doses of 'one size fits all' biochar to soils around the world to improve fertility and sequester carbon is not tenable under current constraints in many areas of either developed or developing countries [93] . Thus, we foresee that the small niche market occupied today by biochar will continue well into the future, unless significant advances are made in developing high-potency, low-rate, biochar-based fertilizers that can perform better than NPK fertilizers at lower costs, and additionally have added value in the form of carbon credits. At present, China is the only country where commercial production of these combined fertilizers is taking place, currently at a scale in excess of 40,000 tonnes per year. Utilizing advances in the development of activated carbons, nano-scale carbon-based composite materials and biomolecular engineering could transform biochar from a niche product produced by a small number of high-input enterprises to a mainstream business relevant to extensive agriculture. 
Supplementary data

Executive summary
Surfaces of biochar can be functionalized by micro-and nano-phase mineral matter during pyrolysis or after pyrolysis. The presence of minerals during biomass pyrolysis increases the content of labile organic compounds in biochar. Nanophase minerals, functional groups at carbon surfaces and labile organic compounds are fundamental for biochar efficacy. High-mineral content biochars catalyze biotic and abiotic reactions in soil, behaving as microgalvanic cells where organic and inorganic compounds are oxidized and reduced.
Labile organic compounds released from biochar reduce and chelate important plant micronutrients. Specialized microbial communities colonize specific biochar phases, resulting in highly spatially variable communities and community dynamics.
Suggestions for developing low-dose, high-potency biochar-mineral blends are given.
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